In this paper, cerium oxide hollow nanospheres have been prepared via a polymer-monomer self-assembly route; it may be possible to extend this approach to fabricate other metal oxide hollow nanospheres. In this method, cerium oxide hollow nanospheres were fabricated by calcining hollow polymer spheres which were prepared via addition of ceric ammonium nitrate (CAN) into self-assembled micelles which were prepared through dissolving chitosan (CS) in methacrylic acid (MAA) solution.
Introduction
Cerium Oxides have been extensively investigated for a diversity of applications. In particular, cerium oxides have been developed as solid-stat electrolytes for electrochemical devices, conversion catalysts for selective hydrogenation of unsaturated compounds, catalysts for three way automobile exhaust systems, abrasives for chemical polishing slurries, gates for metal-oxide semiconductor devices, sunscreens for ultraviolet absorbents, and luminescent materials for violet/blue fluorescence [1] [2] [3] [4] [5] [6] [7] [8] . In addition, metal oxide hollow spheres are currently attracting a great deal of attention because of their wide variety of applications, which include the delivery and controlled release of drugs, dyes or inks; as catalysts and catalyst supports; encapsulation and protection of biological macromolecules such as proteins or enzymes; encapsulation and removal of waste; and fillers for light weight or low density composites [9, 10] . However, though the synthetic routes to nanometer-sized CeO 2 materials with porous, particle-like, film-like, tube-like and textured structures have widely been described, hollow nanospherical CeO 2 has not been reported until now although such a structure has long been a focus of research.
Until now the general approach to fabricate inorganic hollow spheres was templating with colloidal particles via surface precipitation of suitable inorganic molecular precursors on template cores, followed by removal of the cores through calcination or solvent extraction. Various removable or sacrificial templates have been used in this area, including hard ones such as monodispersed silica [11, 12] or polymer latex spheres [13, 14] and reducing metal nanoparticles [15, 16] , as well as soft ones, for example, emulsion droplets/micelles [17] [18] and even gas bubbles [19] . But these methods are tedious, so a variety of novel processes have been recently developed to synthesize inorganic hollow spheres [20] [21] [22] [23] [24] , but nanometer scale ones only have been discussed in few researches. It remains a great challenge to develop feasible methods for a convenient and practicable route to CeO 2 hollow nanospheres.
Herein, we report a novel and facile method to prepare CeO 2 hollow nanospheres through polymer-monomer self-assembly (Scheme 1). Such a method was used to obtain polymer nanospheres or nanocapsules [25] [26] [27] . In this method, firstly polymer hollow nanospheres which adsorbed a great number of cerium ions were prepared in one step. And then, CeO 2 hollow nanospheres can be easily obtained by calcination.
Scheme 1.
A proposed scheme for the formation of the cerium oxide hollow nanospheres.
Results and discussion
We chose chitosan (CS) as the polyelectrolyte-saccharide with amino groups and methacrylic acid (MAA) as the counter ion with a carboxylic group. CS was dissolved in an aqueous solution of methacrylic acid with a stoichiometric molar ratio of 1:1([glucosamine unit]/[acid]). Figure 1a shows the morphology of CS-MAA selfassembled system as flower-like micelles which were formed during CS dissolution process by transmission electron microscope (TEM). The average diameter of such structures was 290.3 nm±33.82 nm determined by DLS. It is bigger than that determined by TEM, which presumably result from the difference of dry state of the TEM and the solution state of DLS respectively.
Then ceric ammonium nitrate (CAN), a common reagent for initiating polymerization in the presence of certain reducing agent, was added to the CS-MAA solution after deoxygenation. The CS nanospheres, of which the morphology became more spherical in shape and the diameter decreased to 148.5 nm±16.43 nm were obtained in this step (Fig. 1b,c) . The zeta-potential increased to 36.02 mV which was higher than CS-MAA self-structure (13.68 mV) implying the spherical structure was more stable than flower-micells. And the hollow structure can be observed by the TEM image (Fig. 1d) which was obtained by microtoming a nanosphere sample embedded in epoxy resin at room temperature. Noticeably, carbon-carbon double bond was not found in IR spectrum (Fig. S2) of CS hollow nanospheres. Meanwhile, in X-ray photoelectron spectroscopy (XPS) spectra (Fig. 2b-d) , nitrogen element was not detected and cerium element existed as Ce (IV) and Ce (III). It could be attributed to Ce (IV) of CAN oxidized amino groups and the active sites created on the CS backbone. The active sites induced the splitting of the carboncarbon double bond of MAA which was next to CS in self-assembled system because of electrostatic attraction between its carboxylic groups and amino groups of CS. And the cerium ions were adsorbed and homogeneously dispersed in the CS hollow nanospheres. Moreover, according to X-ray diffraction (XRD) spectra (Fig.  2a) , no evidence was found for the existence of any crystal in the CS nanospheres even if there is a wealth of cerium therein. After ultracentrifuge, CS hollow nanospheres were dried by lyophilization at -40 o C to hold the morphology and structure. Cerium oxide hollow nanospheres were obtained by calcination at 600 o C for 4 hours. The diffraction pattern (Fig. 3a) of the cerium oxide hollow nanospheres is in good agreement with face-centered cubic-phase CeO 2 (JCPDS 34-0394). The crystallinity and crystallography of the product are proven by selected area electron diffraction (SAED, Fig. 3b ) which shows that the particles are crystallized and the diffraction rings match the XRD peaks very well. And there is only one valence state of cerium in the cerium oxide hollow nanospheres which is testified in the XPS spectra (Fig. 3c,d ). The morphology of the products was analyzed by SEM and TEM (Fig. 4) . The SEM image shows uniform structure of CeO 2 nanospheres (the diameter is about 90 nm, Fig. S1 ) consisting of about-13-nanometer CeO 2 nanoparticles. The nanosphere and nanoparticles were observed by TEM. The remarkable feature of the spheres is the obvious contrast between the dark area and the pale area, as reported for other hollow spheres with a cavity domain, which indicate the CeO 2 nanospheres kept the hollow inner area after calcination. 
Experimental part

Preparation
Purified CS (0.50 g; M w 200 kDa) was dissolved in an aqueous MAA solution (50 ml; 0.22g MAA). After that, CAN (0.34g) was added into the solution under nitrogen atmosphere. Then CS hollow nanospheres were obtained by ultracentrifuge and lyophilizated at -40 o C. The dry powder was calcinated at 600 o C for 4 hours.
Characterization
TEM images were collected by using JEM-100CX microscope working at 80 kV and equipped with an energy-dispersive X-ray analyzer. Except CeO 2 nanosphere and microtoming samples, other samples were stained by phosphotungstic acid before observation. CeO 2 nanosphere sample was suspended in ethanol solution, following by sonicatin for 10 min. For microtoming samples, the CS hollow nanospheres was lyophilized at -80 o C for 48 h after ultracentrifuge. A few granules of the resulting powder were embedded in epoxy resin and sections, about 70 nm thick, were obtained by microtoming the resin sample after being stained by OsO 4 at room temperature. SEM images were collected by using Hitachi S-450. Samples of CeO 2 nanosphere were observed without gold and graphite sputtering to keep the original morphology of the samples. XRD data were collected on a Shimadzu XD-D1 X-ray diffractometer employing Cu-κα radiation at 30 kV and 30 mA. X-ray photoelectron spectroscopy (XPS) was carried out on an XSAM-800 electron and take-off angle of 20 o was used with X-ray source. Thermogravimetric analysis (TGA) was performed on a TA instrument Q50, at a scan rate of 10 o C min -1 , up to 800 o C under air atmosphere. Fig. S1 . SEM micrograph of cerium oxide hollow nanospheres. 
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